INTRODUCTION
The ability to estimate time intervals is critical for survival in many animal species including humans. Results from previous studies suggest the involvement of prefrontal cortex (PFC) in interval timing. In humans, brain imaging studies have shown enhanced blood oxygenation level-dependent signals in the PFC during various timing tasks (Rubia et al., 1998; Rao et al., 2001 ; Lewis and Miall, 2003; Coull et al., 2004; Hinton and Meck, 2004; Pouthas et al., 2005; Stevens et al., 2007) , and focal PFC lesions (Mangels et al., 1998) or transcranial magnetic stimulation of the PFC (Koch et al., 2003; Jones et al., 2004) induces abnormal interval-timing behavior. In animals, lesions to (or inactivation of) the PFC impair interval timing-related behavior in rats (Dietrich et al., 1997; Dietrich and Allen, 1998) , cats (Rosenkilde and Divac, 1976) and monkeys (Glickstein et al., 1964; Onoe et al., 2001) . Also, physiological studies in monkeys have found PFC neurons that slowly increase their fi ring rates ("ramping activity") during the delay period of a working memory task (Niki and Watanabe, 1979; Kojima and Goldman-Rakic, 1982; Quintana and Fuster, 1999; Rainer et al., 1999; Brody et al., 2003) , which suggests that the PFC might keep track of elapsed time based on slowly changing neuronal activity. Although the exact role of the PFC in time interval discrimination is currently under debate (clock vs. other functions such as working memory and attentional control; e.g., Mangels et al., 1998; Tregellas et al., 2006; Livesey et al., 2007) , it is well-agreed that the PFC is a part of the neural system that enables the animal to estimate time intervals and use this information for adaptive control of behavior.
Currently, the neural basis of time perception in the range of seconds to minutes (interval timing; Buhusi and Meck, 2005 ) is unclear. One major reason is the paucity of physiological studies. Compared to other functions, such as spatial perception, the number of physiological studies examining activity of single neurons related
Inactivation of medial prefrontal cortex impairs time interval discrimination in rats
Several lines of evidence suggest the involvement of prefrontal cortex in time interval estimation. The underlying neural processes are poorly understood, however, in part because of the paucity of physiological studies. The goal of this study was to establish an interval timing task for physiological recordings in rats, and test the requirement of intact medial prefrontal cortex (mPFC) for performing the task. We established a temporal bisection procedure using six different time intervals ranging from 3018 to 4784 ms that needed to be discriminated as either long or short. Bilateral infusions of muscimol (GABA A receptor agonist) into the mPFC signifi cantly impaired animal's performance in this task, even when the animals were required to discriminate between only the longest and shortest time intervals. These results show the requirement of intact mPFC in rats for time interval discrimination in the range of a few seconds.
position and/or orientation during sample interval presentation might vary considerably depending on the previous choice of the animal. There are several different ways of alleviating this problem, and one way is to force the animal to navigate to a central location along a common path after making a choice, which was employed in the present study. We established a temporal bisection procedure in which rats had to navigate to make a choice and to initiate a new trial on a fi gure 8-shaped maze, and found that inactivation of the mPFC impairs animal's performance in the task.
MATERIALS AND METHODS

SUBJECTS
Experiments were performed with six young male Sprague-Dawley rats (∼8-weeks old, 250-270 g). Animals were housed individually on a reversed 12/12-h light/dark schedule with light on at 9:00 PM. Experiments were performed twice daily approximately between 10:00 AM and noon and between 6:00 PM and 8:00 PM. The experimental protocol was approved by the Ethics Review Committee for Animal Experimentation of the Ajou University School of Medicine.
BEHAVIORAL TASK
Animals were trained to perform a temporal bisection task on a fi gure 8-shaped maze (63 × 69 cm, elevated 30 cm from the fl oor; 8-cm-wide track with 3 cm walls around the track except the central connecting bridge; Figure 1 ). Each trial began as the animal came back from either goal location (white circles, Figure 1 ) to the central arm of the maze and broke the central photobeam (arrow, Figure 1) that was placed 3 cm away from the central bridge. The breaking of the photobeam produced an auditory signal (3.3 KHz, 200 ms, 90 db) that signaled the beginning of a sample time interval. The end of a given time interval was signaled by lowering of the central bridge that allowed the animal to navigate to either goal location. The central bridge was raised when the animal reached either goal location, which was signaled by two photobeams placed 3 cm away from the water-delivery nozzles (arrows, Figure 1) . The animal was required to return to the central arm via the lateral alley.
One of six different time intervals, that were spaced evenly in logarithmic scale, was presented to the animal in each trial, and the animal had to navigate to one designated goal (left or right depending on animal) when a short (3018, 3310 or 3629 ms) interval was presented, and navigate to the opposite goal when a long (3979, 4363 or 4784 ms) interval was presented in order to obtain water reward (30 µl). Time intervals were presented in two different ways in this study. In the random-trial task, six time intervals were presented in equal probability for a total of 180-240 trials (30-40 trials for each interval) per session in random order. In the block-trial task, three pairs of intervals with varying levels of diffi culty (easy: 3018 vs. 4784 ms; intermediate: 3310 vs. 4363 ms; hard: 3629 vs. 3979 ms) were presented in blocks of 60 trials (a total of 180 trials per session), with the sequence of time intervals within a block randomized (30 trials per each interval). The presentation of time intervals, delivery of water and raising/lowering of the central bridge were automatically controlled by a personal computer using LabView software (National Instruments, Austin, TX, USA). 
Shaping
The time line of training and testing procedures is summarized in Figure 2 . Water deprivation and maze adaptation began following 1 week of extensive handling. Animals experienced one shaping session per day approximately between 10:00 AM and noon. Each animal was allowed to freely explore the maze for ∼30 min without water reward on the fi rst day, and, on the second day, guided to navigate in the correct direction (central arm → goal → lateral alley → central arm) by providing water drops on the maze fl oor for ∼30 min. On day 3, water was delivered through the water-delivery nozzle (white circles, Figure 1 ) when animals navigated to either goal location in the correct direction for the training duration of ∼1 h. Water drops were provided to the animals as necessary when they were not willing to run toward a goal. The same training was repeated on day 4, but with the central bridge raised when the animals arrived at either goal location, and lowered immediately when they returned to the central arm and broke the central photobeam.
Training
Animals were trained twice daily in most cases. Pre-training began with the shortest interval (3018 ms). Only the shortest interval was given in each trial and the animals were rewarded with water when they navigated to the correct goal. The training continued until they chose the correct goal >80% (a total of ∼60 trials and ∼1-h training per session; ∼2 days). Next, only the longest interval (4784 ms) was given in each trial and the animals were trained to navigate to the opposite goal until they chose it > 80% (∼60 trials and ∼1-h training per session; ∼2 days). Then the shortest and longest intervals (3018 and 4784 ms) were alternatively provided in blocks of trials for ∼1h per session. The animals were initially trained with 3 blocks (in the sequence of 3018-4784-3018 ms) of 50 trials, but the number of blocks was gradually increased up to 15 while the number of trials in each block was gradually reduced down to 10 over the course of ∼1 week of training. When the proportion of correct choices reached > 80%, the same numbers of the shortest and longest intervals were presented in random order for ∼1 week (∼1-h training per session). When the animal's performance was > 90% correct, two intermediate intervals (3310 and 4363 ms) were added to the training procedure. The animals were presented with the shortest and longest intervals (3018 and 4784 ms) in random order in the fi rst block (90 trials), and then with the two intermediate intervals (3310 and 4363 ms) in random order in the second block (90 trials) for ∼4 days (∼1-h training per session). When the animal chose correct targets >80% of trials in the second block, the remaining two intervals (3629 and 3979 ms) were introduced. Three blocks of interval pairs were presented in the sequence of easy (3018 and 4784 ms), intermediate (3310 and 4363 ms) and hard pairs (3629 and 3979 ms) for ∼4 days (∼1-h training per session). Two intervals were presented in random order with equal frequency within each block, and the number of trials in each block was gradually increased so that the total number of trials became 180 (60 trials per block). Pre-training ended when the animal correctly discriminated the diffi cult interval pair in > 65% of trials. Overall, the animals went through 50-56 sessions (25-28 days) of pre-training up to this stage, and their performance during the fi nal session was 74.9 ± 2.3% correct choices in the diffi cult block and 84.5 ± 1.4% correct choices for the entire session (n = 6 animals). The three rats used in the drug injection experiment (rat #4-6; experiment 2) were subject to surgery at this stage. The other three rats were further trained in the random-trial task (rat #1-3; experiment 1). In each session, they were fi rst trained with the easy pair (3018 or 4784 ms) for a total of 20 trials (practice block), and then trained with randomly presented six time intervals for a total of 180-240 trials for ∼7 days. The training phase ended when the animal correctly discriminated the diffi cult interval samples (3629 FIGURE 2 | Training and testing procedures. Animals went through shaping (∼4 days) and pre-training (∼4 weeks) in the block-trial task. One group of animals was further trained to perform the random-trial task (∼7 days) and their performance was tested (experiment 1). The other group of animals was subject to surgery, re-trained in the block-trial task, and tested in the same task with saline, 0.1 µg muscimol, or 0.2 µg muscimol infused into the mPFC. They were further trained in the trial-block task with a different block sequence, and tested under drug treatment. Finally, these animals were trained in the random-trial task (∼7 days) and their performance was tested under drug treatment (experiment 2). Prefrontal cortex and interval timing and 3979 ms) in > 65% of trials (animal's performance in the last training session: 68.4 ± 3.4 and 82.4 ± 2.2% correct choices for the diffi cult and all interval samples, respectively). Choice data were then collected for four sessions using the same procedure (240 trials following 20 practice trials at the outset).
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TESTING WITH DRUG INFUSIONS
In all post-surgery training and testing sessions (experiment 2), the animals were fi rst trained with the easy interval pair (3018 vs. 4784 ms) for a total of 20 trials (practice block) before beginning the main training/testing sessions (two sessions per day). Following 3 days of recovery from surgery, the animals were re-trained with the block-trial procedure in 89.6 ± 3.2, 77.8 ± 3.9, 65.0 ± 1.0% correct choices for the easy, intermediate and hard pairs, respectively, and 77.5 ± 1.8% correct choices for the entire session), and tested in the same sequence of interval pairs (180 trials per session) with either saline or muscimol infused bilaterally in the same manner for 6 days (S-M1-M1-S-M2-M2). At the completion of the block-trial task, the animals were trained in the random-trial task until their performance reached > 65% correct choices for the diffi cult interval samples (3629 and 3979 ms) for a total of 180 trials per session (∼1 week of training; animal's performance in the last training session: 69.1 ± 2.4 and 84.5 ± 0.3% correct choices for the diffi cult and all interval samples, respectively). Animals were tested with either saline or muscimol infused bilaterally for 4-8 days (rat #4: S-M1-M1-S-M2-M2; rat #5: S-M1-M1-S; rat #6: S-M1-M1-M1-S-M2-M2-M2). All drug infusion experiments were performed once per day approximately between 10:00 AM and noon, and animals went through an additional training session in the afternoon (approximately 8:00-10:00 PM).
SURGERY
Animals were deeply anesthetized via intraperitoneal injection of 50 mg/kg sodium pentobarbital and mounted on a stereotaxic frame. Small burr holes were drilled on the skull to remove bones over the infusion sites, and 26-gauge guide cannulae were implanted bilaterally into the mPFC (3.20 mm anterior, 2.21 mm lateral, 3.26 mm ventral to bregma) at an angle 20° from the midline. Five anchor screws were placed in the skull and the implanted cannulae were secured in place with dental acrylic.
DRUG INFUSION
Buffered-saline (0.9%, pH ∼7.4) or muscimol (Tocris Cookson, Bristol, UK) dissolved in 0.9% buffered-saline was micro-infused bilaterally into the mPFC through an inner cannula (33 gauge) that extended 1 mm below the guide cannula. The inner cannula was connected by a polyethylene tube (PE-20) to a 10-µl Hamilton microsyringe, that was driven by a microsyringe pump (KD Scientifi c Inc., USA; model: KDS100). 0.1∼0.2 µl of saline or muscimol solution (concentration: 1 µg/µl, speed: 10 µl/h) was delivered to each hemisphere and the cannula remained in place for 1 min. Behavioral testing started 30 min after the completion of drug infusions.
HISTOLOGY
At the completion of behavioral testing, animals were overdosed with sodium pentobarbital and perfused intracardially with 0.9% saline followed by 10% buffered-formalin. The brain was removed, left in 10% buffered-formalin, and transferred to a 30% sucrose solution for 2 days until it sank to the bottom. Forty micron coronal sections were cut on a sliding microtome and stained with cresyl violet to verify cannula placements.
DATA ANALYSIS
Block-trial task
Animal's choice data were converted to % correct choice (choice accuracy) for each block (easy: 3018 vs. 4784 ms; intermediate: 3310 vs. 4363 ms; hard: 3629 vs. 3979 ms), averaged across all sessions of the same drug treatment (saline, 0.1 µg muscimol or 0.2 µg muscimol infusions) for each animal, and subjected to two-way ANOVA with two repeated measures (drug and bock).
Random-trial task
Animal's choice data were averaged across all sessions of the same type for each animal and subjected to the following logistic regression:
where P long is the proportion of long-choice trials, T denotes the sample interval duration, and a and b are constants. The bisection point (the sample duration corresponding to P long = 0.5) was determined as a measure of the point of subjective equality (PSE), and the slope at the bisection point (S B ) was calculated as a measure of sensitivity to sample duration as the following:
Note that our procedure is different from the conventional temporal bisection procedure in that correctly discriminated sample intervals were always rewarded in our study whereas only the anchor intervals (the longest and shorest intervals) are rewarded in the conventional procedure (Church and Deluty, 1977; Gallistel, 1990) . Thus, the PSE determined in our study is not equivalent to the conventional PSE which provides information on the "perceived middle" between the longest and shortest intervals.
Statistical signifi cance of muscimol effects on choice accuracy, the bisection point, and S B was tested with one-way ANOVA (experiment 2). Student's t-test (two-tailed) was used to compare these measures between non-operated animals (experiment 1) and saline-infused animals (experiment 2).
Choice strategy
We also examined whether muscimol infusions altered choice strategy of the animals. In order to test potential muscimol effects on perseverative behavior, the degree of choice bias [the percentage of preferred choices in a given block (block-trial task) or session (random-trial task)] and the proportion of repeated choices (ranging from 2 to 4) were examined. Also, to test whether the animals simply followed the win-stay-loose-switch strategy irrespective of the duration of a given sample interval, the proportions of win-stay (repeating the rewarded choice) and loose-switch choices (alternating from the unrewarded choice) were examined. Finally, to test whether muscimol infusions affected locomotive functions of the animal, response latency (the duration between the offset of a sample interval and animal's arrival at a goal location) was compared. These behavioral variables during the block-trial task were subjected to two-way ANOVA (with drug and block as two repeated measures) and those during the random-trial task were analyzed with one-way ANOVA.
All data are expressed as mean ± SEM. A p value <0.05 was used as the criterion for a signifi cant statistical difference.
RESULTS EXPERIMENT 1: PERFORMANCE IN THE RANDOM-TRIAL TASK
The probability to choose the long-target increased monotonically as a function of sample duration (Figure 3) . The relationship between the probability to choose the long-target and sample duration was well accounted for by the logistic regression in each animal (R 2 = 0.995 ± 0.002). Values for choice accuracy, the bisection point and the slope at the bisection point (S B ) are summarized in Table 1 .
EXPERIMENT 2: EFFECTS OF mPFC INACTIVATION ON TIME INTERVAL DISCRIMINATION
Cannula placements
All operated animals had guide cannulae placed within the border of the mPFC (prelimbic and infralimbic areas) bilaterally (Figure 4 ).
Block-trial task
Choice accuracy. Infusions of muscimol into the mPFC lowered the proportion of correct sample interval discrimination in a dose-dependent manner ( Figure 5A) . Two-way ANOVA revealed signifi cant main effects of drug (F (2,4) = 76.48, p = 0.001) and block (F (2,4) = 37.49, p = 0.003), but not signifi cant drug × block interaction (F (4,8) = 1.32, p = 0.341). Separate examination of the behavioral data during the easy block (3018 vs. 4784 ms intervals) showed that muscimol infusions signifi cantly lowered choice accuracy even between the longest and shortest intervals (one-way repeated measure ANOVA, F (2,4) = 11.07; p = 0.023).
Choice strategy. Values of the choice strategy-related variables are summarized in Table 2 .08, p = 0.420; Greenhouse-Geisser corrected). As described, the only signifi cant effect was the main effect of block on the proportion of win-stay choices (easy block: 43.1 ± 2.2%; intermediate block: 49.2 ± 1.5%; hard block: 51.9 ± 1.9%). It is unclear why animals tended to show less frequent win-stay choices in easier blocks.
Random-trial task
Choice accuracy and time interval sensitivity. Choice behavior of saline-infused animals was similar to that of non-operated animals in the experiment 1 (unpaired t-test, the proportion of correct choices: t ( 
DISCUSSION
The fi rst goal of this study was to establish an interval timing task for physiological recordings in rats. To this end, we developed a temporal bisection procedure (random-trial task) that would be useful for physiological studies (see Introduction). The second goal was to test whether intact mPFC is required for performing the task. Timing-related neural data obtained from a brain structure that is critically involved in the employed timing task would be more informative than the data obtained from a brain structure that is dispensable for performing the task. In order to examine the effect of mPFC inactivation under varying levels of diffi culty, we tested animals not only in the random-trial task, but also in the block-trial task. Since only two intervals are repeatedly presented in a given block of trials in the block-trial task, the chance for other functions of the PFC to be compounded with interval discrimination would be lower. Consistent impairments in both versions of the task would provide stronger evidence for the role of mPFC in time interval discrimination in the current task (cf. Tregellas et al., 2006) . Indeed, muscimol infusions signifi cantly impaired animal's performance in both versions of the task. It is notable that muscimol-infused animals were impaired even in discriminating the shortest time interval from the longest one (easy block). Moreover, muscimol infusions did not alter the chance to repeat the same choice (perseveration), the degree of win-stay-loose-switch behavior, or the response latency. Collectively, these results provide converging evidence that temporary inactivation of rat mPFC impairs neural processes that are related to time interval discrimination. In a previous study (Dietrich and Allen, 1998) , lesions to the mPFC fl attened peak-interval (40 s) responses of rats. Our results show that mPFC inactivation impairs time interval discrimination in the range of a few seconds, adding to the existing body of evidence for the role of the PFC in interval timing across different animal species.
It is unclear, however, which aspect of time interval discrimination the mPFC is in charge of. The mPFC inactivation might have disrupted the process of estimating elapsed time (i.e., clock function). Alternatively, the mPFC might be important for storing or retrieving into working memory of the information on the reference intervals (bisection point or anchor intervals). It is also possible that the mPFC contributes to the performance in the current task by providing such executive functions as attentional control (Fuster, 1997) , arithmetic operation (computing the bisection point or subtracting the bisection point from a sample interval duration, for example; Dehaene et al., 2004) , or rule encoding (Jung et al., 2008) . It is unlikely that mPFC inactivation suppressed inhibitory control functions of the mPFC because the animals did not show perseverative behavior. It is also unlikely that the process of loading a sample interval into working memory was the key compromised function of the mPFC in the present task, because the animal was allowed to make a choice immediately after a sample interval was presented. Finally, it is not very likely that the mPFC-inactivated animals were impaired in using task rules, because they did not rely on a simple win-stay-loose-switch strategy ignoring sample durations. To summarize, whereas some functions of the PFC might be excluded from likely contributors, it is unclear exactly which function of the mPFC is the key contributor to the performance of the animal in the present task. Additional studies are required to resolve this issue, and physiological studies might provide particularly valuable information on this matter.
